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THROUGH THE INLET VALVE AND FORT OF -
AN AIR-COOLED AIRCRAFT ENGINE CYLINDER

By J. E. Forbes and E. §, Taylor
SUMMARY

The heat transfer between the air stream and a model
¢f the inlet valve and seat of an sir-cooled aircraft type
cylinder (Wright J-6) has been experimentally determined
as a function of sir flow and valve.lift. Inlet valve and
seat temperatures and alr consumptions have been deter-
mined experimentslly in a2 single-cylinder engine under
operating conditions. The inlet port of the flow model
waes cut from & cylinder of the same design as the one op-
erated in this series of tests. Calculations of the heat
transferred to the fresh charge from the inlet valve and
seat under actusl operating conditions of the engine have
been made by use of data obtained from experiments with
the flow model. The effect of inlet valve and seat cool-

ing on volumetric efficiency has been determined experi—__

mentally.

The over-all temperature rise of the charge up to
the point of inlet-valve closing has been ¢omputed from
experiments on the engine under normal oper¥ating condi-
tions. It was found that about 35 percent of this temper-
ature rise was due to heazt transferred from the inlet
valve and seat.

A general formula based on thermodynamic analysis is
derived for the over-all temperature rise of the charge
prior to the inlet wvalve closing. Application of this
analysis to light-spring indicstor dliagrams taken on this
engine shows that as much as 3Q percent of the total tem-—
perature rise was.the result of inlet-valve flow resist-
ance.
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INTRODUCTION ~

In a previous report {(reference 1) bhe relative im-
portance of inertis and friction in controlling the gquan=-
tity of alr flowing in%o an engine cylinder was investl-
gated with a view to explaining the volumetric defici-
enoy, that i1s, the difference between the volumetric ef-
ficiency and unity. The results showed the pressure drop
in the valve t0 be responsibvle for an extremely small
pPart and the rise in temperature of the charge before in-
let closing to be responsible for a relatively large part
of the volumetric deficiency.

It 1s the purpose of the present investigation %o
make a quantitative study of the effects of heat transfer
and pressure drop in the inlet valve of an alr-cooled en-
g€ine and to correlate these effects with the observed vol-
umetric deficiency. - o

APPARATUS AND PROGEDURE

Flow Model and Tests

In order to obtain heat-transfer data pertaining to
the flow of charge through the intake port of the actual
engine, a section comprising the intake port, seat, and
portion of the cylinder wes cut from =a ﬂright J-6 cylinde .
(See fig. 1.) A jacket of sheet brass around this cut-
out section made i1t possible to control the temperature
of the sesat, port, and surrounding cylinder portions by
the. introduction of water heated by steam.

A model hollow~stem valve sgimilar in degign to that
employed in the engine was used in this model. (See fig.
2.) This valve was msde of high conductivity material
(beryllium copper) to insure that its surface was at
nearly uniform temperature. The temperature of the valve
was controlled by regulating the temperature of water cir-
culating in the hollow stem. The valve 1ift was con-
trolled by 2 micrometer screw. Temperatures of the seat
and the valve were measured by iron=-constantan thermo-
couples,.

By means of a Nash pump, air was drawn successively
through an air-measuring orifice and through the flow
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model. In order to reduce errors in measurement the flow
model was insulated from the inlet and the discharge
plpes by short sections of rubber hose. Thermometers at
the inlet and the outlet ends of the model allowed measure-
ment of the rise in the temperature of the air due to heat
trangsferred from the model, A manometer indicated the
pressure drop across the valve. N
Temperature-rise ratios for various flow quantities
and valve lifts were obtained on the flow model in the
following manner: For & given setting of valve 1ift and
air-flow rate, the temperatures of the valve and seat were
equalized by suitable regulation of the heating steam and
water. When the valve-and-seat temperature had attalned
equilibdrium, the inlet and the outlet temperatures of the
air were noted. This procedure was carried out at various
valve lifts and alr quantities. o

The temperature-rise ratio &, 1is defined as the
ratio of the differénce BHeétWesH the cUTIEETSEIT and tHe =~
inlet~air temperatures to the difference between the
valve-and~seat temperature snd the inlet-air temperature.
Values of ¢, were plotted against air flow at various
valve lifte. (See fig. 3.) It 1s notable that these
curves of temperature-rise ratio against air quantity for
valve lifts greater than about 0.1250 inch are practical-
ly coincident. The espread of points in figure 3 at the
higher air quantitles is quite marked. TFortunately, it
was unnecessary to use this region of the ourves in the
calculationsg for the actual engine, T

A series of runs on the flow model was made in which
the drop in pressure across the valve at various constant
valve lifts was determined as a function of flow gquantify.
The valve, the valve seat, the port, and the flowing air
wvere at room temperature throughout these runs. A check
on the validity of the assumption that the relation be-
tween alr flow and pressure drop was independent of port
and valve temperature was carried out for the highest
flow-model temperatures, and the assumption was found to
be Justifiled. Curves of the square of the air flow
against pressure drop at various constant valve lifts are
given in figure 4.

Modified Engine and Tests

The engine used .in this investigatlon was a modified ... .

-

Wright J-6 air-cooled eylinder of 5.00 inches bore and
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5.50 inches stroke mounted on a universsgl test crankcase,
The compression ratio was 5.1. A 6-volt ignition system
with one spark plug was used. - '

Valve modifications and cooling.~ The modifications
(figs. 2 and 5) consisted of boring out the intake-valve
guide bosgs to take a standard exhaust-valve guide and the
installation of a valve-seat insert with an annular pas-
sage for the circulation of cooling water. Drilled pas-
sages led from the outside of the ecylinder to the cooling
passage around the seat.

A modified hollow~stem exhmust valve was used as the
intake valve. The modification (fig. 2) consiated of ar-
ranging the valve stem with an inner tube and connectlons
so that water could be circulated continuously through
the interior of the stem and the head. During engine op-
eration water was introduced and removed from the valve
by rubber tubes (zee figs. 2 and 5) attached to the fix-~
ture interposed between the end of the valve stem and the
valve-operating plunger. A tightly fitting rubber tube
extending bétween the fixture and the valve stem prevented
cooling-water leakage at this Jjunction., 3By means of these
errangements either valve or seat or both could be cooled
in varying degrees.

Inlet system.- Ailr was supplied to the engine by =a
Nagh pump, passing in turn through a standard alr meter,
a surge tank, a throttle valve, a fuel-mixing orifice,
and & vaporizing tank. co o

Air was measured by a l~inch-~diameter sharp-edge
orifice, designed in accordance with the A.S.,M.E. speci-
fications (reference 2). The downstream side of the ori-
fice was connected to the top of a 50~gallon surge tank
by a short section of 3-inch pipe. Alr from the surge
tank passed through a gate valve and a. fuel~mixing ori-
fice to a jacketed tank of 14 gallons capacity. This
tank served as a combined vaporizing and suxiliary surge
tank. The incoming alr from the gate valve was mixed at
the fuel-mixing orifice with the,K spray from a Bosoh fuel-
injectlon pump, The wvaporizing tank was connected to the
inlet port of the engine by means of a 3-foot length of )
2~inch pipe. A thermometer was lodated in this pipe about
1,5 feet from the inlet port. The inlet. temperature at
this point was maintained constant byradjusting the supply
of steam and water to the Jjacket on the vaporizing tank.
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" Pressure in the vaporizing tank was maintained con=’
stant by adjustment of hleed. valves on the upstream § gide
of the measuring orifice. : -

Exhaust system.- A surge tank of about 10 gallons
capacity was connected by a 1.5-foot length of 2-inch pipe
0 the exhauet port of the engine and thence connected to
the exhaust mains by meaneg of a gate valve., This valve
enables the pressure in the tank to be meintained at any
constant level., 4 Cambridge exhaust-gas snalyszer and a
water manometer were attached to this tank. s

Engine ingtruments.- Engine speed wes controlled by =
combination- of a conventional tachometer and a stroboscopic
light rurning directly from the 60-cycle alternating--
current supply that illuminated painted strips on the fly-
whesl. This method of control is described in reference
3. A Sprague electric. ocradle -dynamometer wes used, FTres-
sure against crank-angle diagrams were obtained from the
standard M.I.T. balsnced~pressure indicator using M.I.T,
"flapper valve®" and diaphragm pressure units (references
1 and 4). % - '

Temperature Measurements

Four holes were drilled through the valve head on a
circumference sbout midway between those of the seat and
the stem, and into these holes were brazed two rods of
constsntan and two of iron about 0.065 inch.in diameter
and 0.75 inech long. A detail of one of these connections
is shown in figure 2. The intervening steel of the valve
combined with any two dissimiler rods formed a conventional
iron-constantan thermocouple., In order to make contact
Wwith these rods, flexiblé insulated leads fthat would stand
up undar the valve moftion were required. After several
attempts had been made to use sliding contactse, nositive-
contact flexible leads were developed, These lesds weTe
made by closely winding No. 28 cotton-covered jron or éon-
getantan wire on & 0,C55-inch diameter mandrel and then
sliding tightly fitting insulating spaghetti tubing over
this coil. After the spaghetti tubing Bad been fitted,
the mandrel was pulled out. Since this sheathed coiled
conductor had a tendency, if bent, to hinge at some parti-
éular point, a snuglv fitting coiled spring of 0.0l4-inch-
diameter piano wire was made to slip over the outside of
the spaghetti tubing. This spring had the property of
distributing the bending, and the close coiling of the
thermocouple wire prevented localized high stresses there-
in, while at the ssme time the whole assembly was reason-
ably flexibdle.
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Owing to the fact that the internal diameter of ¥%his
flexible lead was less than that of a rod welded to the
valve head, it was possidble to force it over the entire
length of the rod and then carry its free end to a similar
rod and weld it thereon. This method of securing the
leads prevented ‘any weakening of the ¢o6il from brazing
temperatures. The ends of these two leads were brought
through conventional airtight packing glands in the intake
port wall, leaving the piano=wire coils under compression
along the length of the spaghetti tudbing between the valve
head and the packirng glands.

Iron~constantan lesds from a thermocouple embedded
in the valve seat were also brought out through packing
glands in the inlet port. 4 standerd iron—-constantan
spark—plug-gasket thermocouple wes used to indicate cyl-
inder temperature. Cylinder, valve, and valve-seat tem-
peratures were measured on a direct~reading potentiometer.
All other temperatures were measured with mercury-in-glass
thermometers. The cylinder temperature as indicaeted by
the spark-plug-gasket thermocouple was controlled by reg-
ulating the speed of a motor—~driven centrifugal blower
that forced air through a duct into the cylinder cowling.

SYMBOLS

¢ temperature-rise ratio (ratio of difference
between outlet working fluid and inlet
workling fluid temperature to differencs
between valve and seat temperature and
inlet working fluid tempersture)

@ quantity of heat, Biu

Qp total heat, Biu

Qec heat transferred to charge during interval e
to ‘¢ ’

Hy enthalpy of fresh charge in inlet manifold

H, enthalpy of firesh charge at point ¢ at begin-
ning of compression stroke after closing of
inlet valve . . - . - .

%
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enthalpy of fresh ghagge at point ¢
enthalpy of resldual gas at point c
crank angle, degrees

absolute temperature (460+ °T)

temperature, °F

cylinder-head temperature, oF
intake~-valve temperature, °F
intake-valve gseat temperature, °F

average temperature of intake valve and seat, OE

teg — By

RV

weight of working fluid delivered to cylinder,
pounds per stroke

welght of fresh mixture delivered to cylinder,
pounds per stroke LHa<}'+ %).'where %—is

fuel~gair ratio of mixture]

welght of air in fresh charge

welght of alr originally in residual gas before
burning

welght rate of flow of working fluid, pounds
per second

quantity of air discharged through valve, pounds .

(When w, q, and ¢ sre primed they refer to

°p

welghted values)

specific heat at constant preésure;
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volumetric efficiency

engine speed, revolutions per second '

specific volume of residual gas at
indicator card

specific volume of residual gas sat
indicator card

speciflec volume of fresh charge at
indicator card '

specific volume of charge at point

clearance volume

volume occupled by residual gas at
that is, v,

cylinder volume at bottom center
volume occupied by residual gas at

riston displacement

internal energy of charge at point
internal energy of fresh charge at

internal energy of residual gas at
exhaust stroke

internal energy of residual gas at

mechanical equivalent of heat

pressure in cylinder at end of exhaust stroke

point e on

point ¢ ‘on

point ¢ on

point e;

bottom center

c
poeint ¢
end of

roint ¢

pressure of residual gas in cylinder at end of

exhaust stroke’

<y

pressure in oylinder 2% nobted on indicator

card at point Pg |



cr .

Subscripts:

&

m-

These
ties of th
used in Ho
air.

Heat T

.If th
and the in
known as a
charge and,

pressure of residusl gas at point ¢ - - . -

_preséure:iﬁ éfliﬁder N
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proportion of regidusal ges.

ratio of specific heats

density of working fluid, pound.s per cubic foot

density of fresh charge in-inlet manifold _

dengity of fresh charge sat point__q:_in cylinder

fresh air

fresh mixture

fresh charge _ A . p— -

residual gss ' } | ' ...:ji -

fresh charge at point ¢ in eylinder before
" mixing (see figs. 9(a), 9(v))

point e on indicator cards (figﬁ, 9(a), 9(p))

inlet

quantities -for which the the;modynamic proper-—
e working fluid are computed are the same as
ttel charts (reference 5), that is, 1 pound of
: .

RESULTS AND DISCUSSION
aken Up by the Chastrge from Seat and Valve
e temperature—rise ratio between the ailr stream
let valve and seat of an engine cylinder be

function of valve 1lift and rate of flow of
- fufthermore, 1¥ the valve and valve- seat
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temperatures together with the inle¥ ﬁémpératufe be known,
i1t 1s possible to estimate the quantity of hest per stroke ,
taken up by the charge from the seat and the valve.

The steps leading to the evaluation of this quantity
are es follows.

The intake-velve l1ift was determined as a function
of crank angle by means of a dial indicator when the
engine was cold. The valve 1lift agalnst crank-angle
curve correctfed for the difference between the hot and
¢o0ld clearances 1s shown in figure 6.

Under running conditions e light-spring indicator
diagram yields the relationship bYetween cylinder pressure
and crank angle. A second light-spring indicator diagran
of the intake—-port pressure ylelds a relatlionship bvetween
crank angle and intake pressure. From these two diagrams
a curve of valve-pressure drop agalnst crank angle can be
constructed. (8ee fig. 6.) The relatiocnship between
valve pressure drop and rate of flow through the valve at
various 1lifts is known from the flow—-model exvperiments on
an identical valve and port. (See fig. 4.) Thus, the ap- »
proximate instantaneous rates of flow through the valve
under running conditions can be obtained by assuming that
the rate of flow in operating is the same as the steady
rate of flow for a constant pressure drop, Reference 1
indicates that the magnitude of the error introduced by
this assumption is not large. It is noew possible t¢ per-
form a step-by~step integration of the quantlty of heat
taken up by the charge during all phases of the open-valve
period, as detailed in the following paragraphs.

About some particular valve 1lift, say 00,0625 inch, a
small crank-angle interval extending on both sldes of the
1ift is chosen, Tor this crsnk-angle interval an average
value of the corresponding valve-pressure drop can be oh-
tained from the valve-pressure agalnst crank-angle ourve,
This average valve-pressure drop in turn yilelds an average
flow quantity from the flow-guantity sgainst valve-pressure-
drop curve corresponding to the 0,0625~ineh 11ft curve.
The average flow quantity then yields an average tempera-
ture~rise ratio from the corresponding 0,06825-inch 1ift ;
csurves of flow quantity amgainst temperature-rise ratio.
In appendix I it ig shown that the temperature-rise ratio
of the fresh charge isg 29.7 percent. that of air, Values ‘
of the temperature~rise ratio. taken from figure 3 for use
in engine calculations have been corrected by this. amount,
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The average temperature-rise ratio for this crank-angle
interval and the temperatures of the valve,* the seat,

and the charge at the inlet being known, an average tem—
perature rise of the charge can be assigned to_thié_igter~
val. Since in the engine the valve and seat temperatures
were not the same (see tables III and IV), their arith-
metic mean was used in computations. Results obtained by
the use of weighted average temperatures of the valve and
seat gave no better correlation than the results obtained
from the arithmetic mean temperature., From the known en-
gine speed, the time corresponding to the crank interval
1s calculable. The product of the time interval, dhe
average quantity rate, and the average temperature rise,
when multiplied by the’ specific heat of the charge mixture,
vyields the average heat taken up by this fraction of the

. charge.

‘Carrying through the foregoing process for a qggper
of steps including the entire period of valve opening and
summing the result yields an approximation of the heat
transfer to the charge per inlet stroke. Table I giﬁeé

the results of such an integratlon.

The work involved in integrating the heat Q picked
up from the valve and the seat 1is reduced to a comparative-
ly brief calculation through the following simplification,

For any pariticular run the intake-2ir meter provides
a measure of the charge tasken in per stroke. The complete
open-valve time interval is provided by the valve-1ift
against crank-angle curve and, if this interval is divided
into the total charge per stroke, there results sn average
rate of flow of cherge into the cylinder., For this aver-
age rate a corresponding temperature-rise ratio can be
taken from the curve (fig. 3) representing the higher’
lifts. This temperature-rise ratio ¢' when multiplied
into the difference between the average sest and valve
temperature and that of the inlet yields a value of the
average temperature rise of the charge while flowing by
the seat and the valve., 4s before, multiplying the charge
per stroke into the product of this aversge temperature
rise and the specific heat results in a measure of the heat
Q picked up by the chargse in transit through the port into
the cylinder. . ——

*The valve used in the engine hsd a very low thermal conduc-
tivity, which made it impossible to reduce the temperature

of the valve head at the point where the thermocouple was at-
tached to the temperature of the seat even though water was

circulated through the valve so rapidly that it came out cold.
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The results. of integrating elght different runs conm-
pared with those obtained on the same’ data by this short-
cut method show a maximum divergence 6f only about 3. B
percent, (Sees table II.) A1l the values of Q. submitted
in thie reéeport (tadle 111) are based on this short-cut
method of calculation.

Heat Taken Up before Valve Opens &nd
. after Charge Enters Oylinder

The foregoing process does not seccount for the heat
Picked up by the charge before ‘the valve 0pens or after
‘the charge enters the cylinder,

An estimate of the temperature of the charge in the
cylinder before compression, and hence the total heat
transfer to the charge, can be obtalned from the measured
air consumption in the following manner,

The volumetric efficiency of the englne is defined
by ‘
w . . .
e = —;——AL——~ , _ (1)
5 Y4 Py

The welght rate of flow of charge w, is determined from

the intake~air meter and the fuel-alr .ratio. It ls meas-
ured in pounds per second, For the alr-fuel ratio used
in this series of runs. (A/F = 12.2)

: P ¥
py = l.41 R - (2)
= . . ,

The inlet pressﬂre - Py was measured by a manometer at-

tached t0 the surge btank., I% 1sig1véh in inches of mer-
cury. The inléet temperatburs T1 ‘was measured in the in-

let pipe about 1.5 feet from the 1nlet port. it is given
as absolute temperature. .
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The inductidn process nay be considered to be divided
"into two steps:

e —

(a)  Fresh charge flowing into the cylinder without
mixing or exchanging heat with the residual gas.
.. -Reference 1 indicates thst the magnitude of the
error introduced by thie aesumption is small.

(b)) Mixing of reeidual ‘and” fresh dharge.

The subsoript e refers to the gtate ‘of the fresh
‘charge after -the completl on of the induction and before
the mixing process, At this time the residual gas ls
agsumed to0 oeccupy the clearance .volume., This assumption
is Jjustified since the pressure Pc differs little from

the pressure at ﬁop center on the exhaust stroke; conse-~
gquently, there is little net expansion or compression of
the residual gas. It follows that the volume occupied by
fresh charge is d‘ the displaeement volume: The deter-

mination of P, is discussed . in greater detsill in & later
section. '

The weight of charge delivered to the engine ﬁef

stroke can be calculated from W,, ‘the measured rate of
air flow to the engine in pounds per second, the alr-fuel
ratio A/F, and n, the revolutions per second of the

engine. According to step. (a) this value will also be

equal 0 (P, v4). 1y £o1lows then by definition that the
volumetric efficiency is

o =fe%a _Bg " (3)
Piva Pi
oot .. [ . ) P . Pc _T_L
. The ratio _pc/pi is, by the.gas laws, egual to % =
. B . . . . - . . ’ . - i‘ . c
and therefore . T
. . . .- .- ) P. T : -
e = —& i (4)
Py Ty

Figune 7 shows the var¥ation ¢f the volumetric effi-
ciency with average valve and seat temperatuTre at the two
speeds.,
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By means of equations. (1) and (4) it 1s possidle to solve
for Tc, the temperature of the total charge Just prior

t0o compression, since all the other variables are known
or can be calculated

The total rise in-ﬁembera%ure of the charge T, = Ty,
nultiplied into the product of weight of the charge and

. specific heat. of the charge, measures the over-all heat
QT picked up by the charge in its passage from the inlet

untll 1t arrives in the cylinder and the 1inlet valve
closes. The relative contribution of the valve and seat
to the over<all heat picked up by the.charge in its pas-
sage from the intake manifold until it is compressed can
be estimated from the foregoing quantity. Experimental
values of. Qp together with the faptors lesding to its

evaluation are shown in table IV.

. Figure 8 shows the ratio of hest transferred from
the inlet valve and seat t+8 the over-all heat plcked up
by the charge as a function of the averags valve—snd-seat
temperature, .

An. appreciable part of the total heat picked up by
the charge during the suction stroke can be atbtridbuted to
work done in overcoming the pr essure drop in the valve.
This quantity may be estimated as follows,

The following equation can be derived from the first

law ' of thermodynamics,
jp Pdv + Qg (5)
e

This egquation may be used directly to give the unknown
quantity Eo end hence the temperature Tc. In this

case, however, it 1s desirable to know what.contributions
to the temperature T, are made by heat transfer, by the

work done by the piston during the suotion process, and by
the heat interchange between the fresh charge and the re-

sidual gas. The last of these quantities may be estimated
by imagining that the residual gas is left separated from

the fresh charge by an insulating membrane until after the
point ¢ 80 that the pressure of the residual gas 1is al-

ways the same as the pressure of the remainder.of the

(Mg + ML)E, - MeHy - M,.E,

e [H
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cylinder contents and the residual gas is under adiabatic
conditions. The usual laws of perfect gases are assumed
to hold because of the relatively low temperstures in-
volved in the .induction process. With these assumptions
equation (5) may be rewritten as follows. (See appendix
II for derivation.) C . T :

-- _Q
T - T, = ec + 1 (Paova. = P.v t/ﬂPdv
°f T T, (UTH TN o J(1 + DN [ eve = Fovy )y
e

1 k-1

vl | _ Per>k-‘ P ) P ‘< Pc j—k—]}
T cp;]'(l + f)M{Pc [l (P J+ k - 1 l_l Por _(Sa)

[

The right-hand side of equation (5a) now consists of
three terms, the first of which gives the change in tem-
pPerature of the fresh charge due to heat transfer. If
Py = Pg the third term is zero and the second term rep-
resents the change in temperature of the fresh charge due
to work done on it by the piston and by the gas remalning
l1n the inlet manifold. The bracketed part of the second
term of equation (5a) is also equal to the shaded work
area shown on the light-spring indicator cards in figures
9(a) end 9(b). It is therefore possible to make a rapid
estimate of the rise in temperature due to work done while
drawing the charge’ thfolgh the resistance of’ the inlet
valve, provided that P, = P_,. Even if P, is not exact-

ly equal to. P,y the .third term in equation (Sa) is small,

in fact, 1t™ ‘was found to be negligible for the cases herein
investigated T

¥ R : =% T -

The effect of mixing of - residual gés and fresh charge
1s analyzed in reference 1.  The analysis in this refer—
ence showed that, for a compression ratio of 6.5, the mix-
ing of the fresh charge with the residuals dedreased the
volumetric efficiency about 1.5 pércent. It is therefore
roughly equivalent to heating the fresh charge by this
amount, or about 10° F, oo

Determination of Point ¢

. The point ¢ should be taken after clesing.of.ihe
inlet valve in order for equations (5) and (5a) to be
valid. On the other hand, if the point ¢ 1is taken some
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distance up the compression curve, the second term of
equation (5a) will include some work of compression as well
as the work done while drawing in the charge. This dif-
ficulty was solved by measuring the pressure of the charge
at seversl points along the ocompression line and assuming
reexpansion of the charge to the cylinder volume at bot-
tom center. The resulting pressures were averaged to give
a hypothetical pressure P, that, with the cylinder vol-

une at bottom center and a known weilght of charge, deter-
mined the conditions at point c.

Value of Temperature Rise Attributable to Flow Resistance.

Measurement of the shaded area of the diegrams of
figures 9(a) and 9(b) indicated thst the temperature rise
attributable to flow resiestance in the inlet valve was
260 F gt 1500 rpm and 129 F at 1000 rpm. The rapld in-
crease in temperature rise with engine speed 1s to be ex-
pected; the fesult indicates that the rise in temperature
attributeble to flow resistance is a much more important
factor at high piston speed than at low piston’ gpeeds and
may be to a considerable extént responsible for the fall-
ing off of indicated mean eTfective pressure at high pis-
ton speeds,

Heat. Transfer to Charge before Inlet Valve Opening

If the total heat gained by trasnsfer and work of com~
pression 1s subtracted from the total heat picked up. by
.the charge, the result is a measure.of the unaccounted-
'for heat picked up while the charge is ‘behind the closed
valve and dfter it has entered the cylinder. While the
charge is at rest in the inlet pipe, a part of the charge
is in a region where the wall temperature is high, If 1t
1s assumed that a section of the air in the inlet pipe (3
in. out of a total -of 37 in. oceuplied dy the charge) at-
tains the.average temperature of the geat and the valve
before the inlet valve opens while the remainder is at
inlet temperature, -heat so computed ig about equal to the
difference between the total heat and that accounted for
elsewhere, This illustration gives-an idea of the possi-
ble contribution to the total heat transfer from this
source,

An upper limit for the sum of the temperature rise
due to flow resistance and that due to transfer after the
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charge has entered the ¢ylinder can be obtained by extra-
polating the value of volumetric efficiency in figure 7
to an average valve-and-seat temperature equal to the in-
let temperature and inserting this value in equation'(é)
These limits have been establisghed as 651° F and 57° F at
15600 rpm and 1000 rpm, respectively.

- - - - ..

Importance of Low Valve-and Seat Temperatures

From experience with many engines, it 1g found that
a 100 F change in inlet temperature results in a change
in air capaclty that. indicsastes that” the- chargs” temperature
is changed-only 52 F, {This fact is the' reasdn’ for the
success. of. the sguare~root rule’'in correcting indicated -
horsepower; as explained in reference. &, ) ‘The results of
the present investigation show that ' a-5° F decrease” of
charge temperature can be obtained by lowering the average
lnlet valve~and—-seat  temperature 459 F, Rbthroek and
Bilermann: show (reference’ 7) that a'decrease:of 1009 F- in
inlet™ tempereture permits an increase of inieﬁ pressure
to:obtain &n . inérease in‘'indicated mean” effective pressure
of about 3.2 percent, keeplng the tendenc¥-to-detonate’
constant, A decrease in average valve—and-seat tempera-
ture.of "45° F, which results in the gamd’ reduction in
chargé temperature as a 10° F reduction in iniet tempera—
ture, should give the same permissible increase in mean’
effective pressure., Thus a 10° F reduction in inlet
valve—~and~seat temperature should permit an increase of
approximately 0.7 percent in indicated horsepower without
increasing the tendency to detonate, . .

F

—

CONCLUSIONS

~

1. 'In reference .1 it was noted that the pressure in
the cylinder at the end of the suction -stroke was practi-
cally the same as the pressure in the manifold; hence the
volumetric deficiency, that is, the difference between the
volumetric efficiency and unity, could only be due to =2
rise in temperature of the charge. The indicator dliagrams
of the present report (figs. 9(a) and 9(v)) confirm the
hypothesis of reference 1, that under the conditlons of
operation 4n this report and in reference 1 the volumetrie
deficiency can be completely explained by the rise in tem-
perature of the charge due to0 heat transfer and due to
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work done in forcing the charge through the inlet system,

2. BReduecing the flow resistance of the inlet valve’
may be expected to. reduce the charge temperature dy de-
creasing the amount of work done imn forcing the charge
through the valve, Since heat transfer 1s closely re-
lated to friction, it is probadble thast a reduction in re-
slostance will also reduce the heat transfer at this point,
Since turbulence in the cylinder will also be reduced, it
is not clear whether the detonation tendency wlll be re-
duced or 1lncreased by decreasing inlet-valve reslstance,

3. Inlet—valve temperaturee under engine operating
conditions ranged from 642° F without inlet-valve 'and
seat cooling to 422° F with full inlet-valve and seat
cooling at 1500 rpm. At 1000 rpm the average temperature
was from 6200 P to 393° P,

4. The total rise in temperature of -the -charge be-—
tween the inlet tank and the cylinder after the -inlet
valve was closed was 81° F for 1500 rpm and 104° F for
1000 rpm under, normal full throttle 0 erating conditions
(without inlet-valve and eeat cooling - :

B, With thie particular cylinder the volumetric ef-
flciency. expressed in percentage will. be increased by
0.10 percent for each 10° F drop in the average tempera-
ture of the inlet valve, and seat at 1500 rpm and 0.15 per-
cent at 1000 rpm, o e e

6. The temperature rise of the charge under normal
operating conditlons diue to heat transfer from the inlet-
valve and seat to the flowing charge was 34% F at 1500
rpm or 42 percent of the total rise, At 1000 rpm the
rise was 36° F, which was 35 percent of the total rise.

. '7. The temperature riege under normal ope rating con-
ditions resulting from pressure drop:through the inlet
valve was 26° F at 1500 . -rpm and 12° F. at 1000 rpm.

8. The. unacoounted for temperature rise under nore
mal operating oconditions,. 1ncluding the temperature rise
of the charge during the time it lies behind the closed
intake valve and the rise after the charge is in the cyl~
inder, was 20° F at 1500 rpm and 56° F at 1000 rpm.
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9. Each 10° F reduction-in the average temperature
of the inlet valve and seat will allow opening the throttle
to obtain approximately O.7-percent incresse in Indicated
power with constant tendency to detonate.

Massachusetts Institute of Technology,
Cambridge, Mass., September 10, 1941.
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APPENDIX I
COMPUTATION OF TEMPERATURE-RISE RATIO

In the flow model the rate at which heat is trans-
ferred to the working fluid is

49 _ -
it = fat w o, = ® A3t w ey (1)

The conditions in the flow model are similar to those
of the case considered in reference 6 (pp. 128~132) that
g, the surfaces of the port and the inlet valve are at a

substantlally uniform temperature. The analysis of this
reference therefore applies, and there may be written

n=i :
. e (1
n 15 Xg Cp (pu) <M) (2)

where the undefined symbols have the following significance:

u veloclty of working fluid through inlet valve and port

) viscosity of working fluid

3 characterlisgtic dimension of inlet valve and port

n an exponent depending on shape and orientation of
inlet valve and port and subJect to experimental

evaluation

X; a nondimensional constant

Combining equations (1) and (2) and solving for ¢ gives

K, (pu)n<'&'>n—1 1® .
- (3)

¢=
Now

w = K; pu 1° (4)
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.

where. Kgz. 1s.a‘constaht5depending on the geometry of the
inlet system. < e T , :

LY A

Gombining (3) and-(4)$

- . n—l
o7= x, Gpuipma () - (5)
. W/
For fresh mixture and for air, réspectivély,
n-1 IR
op = Kq (pguy)2 3 - (6)
m 4 m“m By
' . n-1i S
n-1
®, = K. (paug) <;;> (7)

For the same mass rate of flow of fresh charge and air:
Punlm = Pa%a (8)

Combining (5), (8), and (7):

""'a n-1
oy =2, (52 ) ©)

For a mixture of air and octane the viscosity will
be approximately proportional to the sum of the molar
fractlons of the constituent viscosities (private commu-
nication from Prof. ¥. G. EKeyes to Prof, E. S. Taylor),
that is:

W, W
uam_a' Rip E

Bn = ¥ wp W, W (10)
=& . ~L £ 4 ~£
Bg B By By

the subscript f refers to the fuel and m 4is the mo-
lecular welight of a constituent of the mixture.
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Calculation of Mm made on the basis of equafioﬁ

(10) using the estimated viscosity of octane 0.000100
poise (communication from Prof. F, G. Keyes) and that of
air 0,000218 poise gives at room temperature the value
By = 0.0002156 poise.

From the flow-model data the average value of n
was found to be 0,74,

Ingerting these values in equation (9) gives the
relationsghip:

¢m = 0.997 ¢a
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_APPENDIX . II

DERIVATION OF EQUATION FOR T, - Tj

Equation (5) as given in the text is:

¢
' SN
)
Rearranging:
Mr(E ‘B.) + B - E . f Pdv + Roc
—_— — - . = = v rre
Mf c r Cc b & JMf Mf
e
M
N £
Mr + Mf
My . 1
Mg 1 - f
P_Y
B. = H. - -&-¢
[+} [ T

Oombining equations (6), (8), and (9):

23

(5)

(8)

(7)

(8)

(8)

(10)
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If the residual and fresh charges are kept separated by
a membrane:

Hc(Mf + Mr) = MH  + MH o (11)
Hence:
M M
T 3
B = - H + —H (12)
c M, + Mg “OT My + M. cf

and from (5):

By = a;"mf‘sz; Hor * E}—Mf"ﬁ; Hep - P°Jv° (18)

and from (7):
By = £(H ) + (1 - £)H_p - Pi:c (14)
Hy = £(H,,) + (1 - £)E_, (15)

Combining (10), (14), and (18):

J

r
1
1 - 1 Lchr"' (l—f)Hcf""— Pcvc—' Er]"' chr"" (1"f)Hcf- Hi

Rearranging (16):
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c
_ L. 1 ec
=7 PeVe - 7y j Pdv + g
£ £
e
PV
But Hop = Bgp + —CSL CT
7
Hence
£ £ \Fe¥e PerVer
I -7 Fer - Er)'—(l-- £/ J * Hop - Hy
1 1 ec
= T P Vo = =5— Pav +
.J. c CI JMf Mf
e
Combining like terms and allowing that Pg. = P,
Hop = Hy -
- c
Poiv 1 £ p , . y . g
= —C | — L. _ £ _ i e
e
Now M'I'.Vcr + vacf = (Mr + Mf)vc

(Sum of partial volumes equals total volume, if

Po = Poyp)

Combining (7), (8), aad (20):

= —21
Ver = 1 = fvc 1 - ¢'cr

25

(17)

(19)

" (20)

(21)
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Substituting (21) in (19):

Hcf - Hy

3/

-1 L1 1. —£ - Qec

= J-[(Pcvcf) - N Jf Pdv] T (Bor = Bp)t M, (22)
e

‘ M
Multiplying the bracket term in (22) by Ei=
£

Hop = Hi

S - ﬂ- £ Qe
= JMf[Pchvcf JP Pva T (Ber = Bp) * Tﬂf (23)

Now ’ ' M.V = v =V (24)

i
g

L py
k. k
and Vor — < I?er> = <_P_g> since Py = Py (25)
Ver Pcr Pc P )

and Per =

Combining (238), (24), and (25):

(e

R
Heg =~ Hy = 'JM“f- [_Pcvc - PeVer * J?c""er(l "(

)]

£ Q
(Bor - Ep) + 3if (26)

From the assumption of adiabatic conditions for the
residual;
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- Per P v p k-1 _
_ 1. _ er'er [< er)k _ ]
Ber = Br =T, | P =T —yL\P,./ "1 o (27)
er ]
V_ . = —er ' (28)
er M. . .

Combining (8), (26), (27), =nd (28), and noting that

Par = B¢

c

= -1 -
Hog = By = Th [(Pcvc PoVer) jp Pdv]
e

“)) N )1

"mf)[ (2~(

+ %?Q ' (29)
Mg = (1 + £)X (80)

Combining (8), (28)f and (30):
- 1o Ver (51)

£(1 + £) M

Combining (29), (30), and (31):
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e
B, - H, = 1 (P,v, = P,vy.) - | Pav
cf 1T 701 + £I)M | ‘Te¢c cer.
k~1
: Yer |: Por\ Per( (Pc )k >}
P oM L Te\* "(Pc,))*k—l t-\F.,

ec ’ -

B B 32
T o (32)
Now

Hyp = By = (Tgp = Ty) o

where T, . 4s the temperature of the fresh charge at

point ¢ Dbefore mixing with the residual gas: Also,

Ver 18 the clearance volume v,.
¢
Tue = Ty = Yoo + x r(P Vo = Povi) - Pav
of 17 e, (re)M 7 0 J(142)M L c’e e’

e

1 k-1
k k
Vi P P P
S \ Cer. e
¥ oPJ(1+f)M{P°[1 ~<P:1> ]+ k-1 [l_.(Per) ]} (28)
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TABLE Il

OOMPARISON OF RESULTS OF INTEGRATED AND SHORT~METHOD
CALCULATIONS FOR THE HEAT Q TRANSFERRED FROM THE
INTAKE VALVE AND SEAT

Short method Integration

Q = bzt W, o L= T q! Agt ¢y Percentage error
(Btu) (Btu)

00,0447 0,0442 1.1

. 0434 .0432 6
.0372 .036¢9 3.b
. 0367 . 0346 2.9
. 0219 L0213 2.9
. 0281 .0274 2.8
. 0462 0442 2.3
. 0424 .0427 .6




Table I
Integration of the Heat, G, Transferred fyom the Intake-Valve and Seat

{hun 6, f15. 6)

o oot | rn | o/is9 | ab) | awken] oio | = | | | B
1/16 | 16 | 0.00267 | 0.25 | 0.0187 | 0.0000499 | 0.0138 | 0.0000368 | 0.366 | 225 | 82.4 | 0,00076
1/8 | 1o0°! .oo187 | .58 .0510 | .oo00852 | .0376 | .0000629 | .247 1 225 | 55.6 | .00088
3/16 | 8| 00134 | .73 .0824 | .000110 L0608 | .0000815 | .173 | 225 | 38.9 | .0008O
/4 | 10 | .00L67 | .75 .109 000182 L0804 | .000134 .58 | 225 | 35.6 | .00120
5/16 | 10 | .00L67 | .75 | .125 .000209 | 0923 | .000154 | .15 | 225 | 34.0 | .00132
3/8 | 12 | .00201 | .65 127 000255 .0937 000188 150 | 225 | 33.8 | .00160
7/16 | 18 ,00301 .68 .130 .Q00291 0959 .000289 149 | 225 | 33.5 00243
1/2 | 25 { .0Q417 | 1.43 .189 .000788 .139 .000582 129 | 225 | 29.0 | .00423
/2 | 25 .0D417 1 2.05 .222 .000926 164 000683 119 | 225 | 26.8 00460
7/16 | 16 .00267 | 2.05 .222 000593 164 .00438 119 | 225 | R6.8 00294
3/8 | 14 | .00234 |L1l.70 205 .000480 .151 .000354 125 | =25 | 28.2 | .00250
5/16 | 10 | .00167 |1.00 <145 000242 | 107 000179 J143 | 225 1 32.2 | LOOL4S
/4 |10 | .00167 | .45 .0843 | .oo0L4L L0622 | .000104 JA72 | 225 | 38.7 | .00101
3/16 | 6 | .o0100 | .78 .0854 | .o000854 | .0630 | .0000630 | .171 | 225 | 38.5 | 00061
8 |10 | .00067 | .60 L0519 | .0000867 | .0383 | .0000640 | .245 | 225 | 55.1 | .0OOB9
1/16 | 2 | .000334) .15 .0148 | .0000049 | .0109 | .0000036 | .387 | 225 | 87.1 | .00078

Fao= [T AT = $ q-= ZAq =
202 | 0.0337 0.00463 0.0274

B8€9 ON aoN {Enuydal YOWN

Taaey



Table TIT

Experimental Values of Heat G Transfarred from the Valve
and Seat Obtained in Wright J-6 Engine Cylinder Tests
{Compnted values based on short-cut method of calculations)

| ¢

30

J2
33

EEEL BERBE

4B
43

5
52
53

54

g"gm (‘t'g) (1b'/':ac) (1b?::m &h;;neo) & (211?) (E;) (gg) (:H A(%1‘:) A(E;) & g u)
e p e}
1000 | 402 | 0.0298 | 0.00387 |o0.115 | 0.140 | 117 | 533 430 | 482 | 365 | 51.1 | 0.0454
1000 | 400 | .0310 | .00403 J19 | 137 | 19| 393 221 | 307 | 188 | 25.8 | .0239
1000 | 400| .0307 | .00398 A18 | 138 | 138 | 438) 233 | 336 | 218 § 30,1 | .0276
1000 | 400 | .0309 | .00402 J9 ¢ 137 | 117 | 440) 303 | 372 | 255 | 34.9 | .0323
1000 | 400 | .0300 | .003%0 16 | 139 | 118 | 5261 418 | 467 | 349 | 48.5 | .0435
1000 | 400| .0295 | .o038L Juy b 140 | 219 620 430 | 525 | 406 | 56.8 | L0498
000 | 401 | .0306 | .00397 219 | 137 | 127 | 432) 215 | 324 | 207 | 28.4 | .0259
1000 | 402 .0306 | .00397 A9 | .137 | 137 | s500) 300 | s00 | 283 | 38.8 | .0354
1000 | 403( .0300 | .00390 116 | L1391 118 | 619 436 | 528 | 410 [ 57.0 | .0512
1000 | 400 | .0304 | ,00395 17 ) .139 | 119 ] 512 417 | 465 | 346 | 48.2 | .0498
1500 | 400 | .0468 | 00405 8L | 333 | 119 633 | 434 | 534 | 415 | 46.8 | 0437
1500 | 401 | .0476 | .00412 W18 § 112 | 220 | 538| 417 | 478 | 358 | 40.2 | 0781
1500 | 400 | L0483 00418 86 | o g | se2] 227 | sas | 206 | 22,9 | L0220
1500 | 400 | .0483 | .00418 186 1 .111 | a8 | 475 ) 231 | 353 | 235 | 26,3 | L0252
1500 | ADC | 0477 | .0OA13 .185 Q12 | 108 | 642 428 ] 535 | AT | 46,7 | L0443
1500 | 400 ] .0473 | .00420 A9 | W5 | 118 | 641 428 | 535 | 417 ] 47.8 | L0452
1500 | 00| .0482 | .c0417 Ass {111 {119 | s28) 302 | 415 | 296 [ 32.9 | .0315
1500 | 400 | .0482 | .00417 J186 | LILL | 118 457f 296 | 377 | 259 | 28.8 | .0276
1500 | 400 | .u4B2 | .00427 86 | 211 | 118 | 494)] 310 | 402 | 284 | 31.5 | .0302
2500 | 400 | .0475 | .00412 84 | 12 | 118 639 433 | 536 | 418 | 46.8 | L0443

SE8 9N 240N [P24P3] VOVN

€ ool




Z
B
f
| g
Table IV
Exparimsntal Valis of Over-All Beut Qg Obtained in Wright 26 fagine Cylinder Tests ‘,2
+ as
= ot ] oo londe Jonde |0 | T |ovmealran v on | @B [ |6 | B | stranp to)|e ) | <103 | e 3
30 | X000 0.0740 | J0.01| 30,35 [o0.588 | o.838 (00323 | 679 | 577 | 102 | 402 | 430 | 533 [ 482 | 0.00367 | 0.0454 | O.0908 50.0 Valve
21 | 1000 L0738 | 30.01| 30.37 | .58 873 | 0336 | 655 579 T7 ] 400 | 221 | 393 | 307 00403 0239 0T, 33.5 Yalva & meat, both rull B0
12 1000 or8 | 30,00 30.35 988 JB64 | <0332 | 662 | 578 By | 400 | 233 | 438|336 .0039{! 0276 02 35.8 Yalve & seat; less [x0 in ssat then (31)
33 | 1000 0740 | 30.00| 30.35 | .988 .68 0335 | 637 577 80 | 400 | 303 | as0 372 0040 0323 | L.o739 43.7 | Valve k seat; less 50 than (32)
34 | %000 0739 | 30.00) s0.37 | 988 | .a4s) 0325 | e | 578 99 | 400 [ A8 | 816 | 447 .00330 0435 | o8 48,9 | valve as (30)
st | 1000 o737 | 3o.on} 3035 | .98 | Le3x} 0319 § sma| 2™ | 100 | 400 | 430 ] 830 | 525 L0381 <0498 1 L0961 | 5L.8 | EKone
‘40 | 1000 0740 | 30.0L 30.35 [ .988 | _s&p | .0331 | se3 | 577 85 | 4oL | 215 | 432 {34 -00397 | 0259 | .o7es | 33.0 | sest full Bo
2 | 00 L0740 | 30,0L| 30.35 | .3#8 | ,ss0{ .0391 1 g6y ] 577 85 | 404 | s00 { 300|400 00397 0354 | .o7es 45:2 | Seat, less Hio than (36)
4 | 1000 o781 30.01| 30.35 | 58 | w5 | .0328 | vy | 578 99 1 403 [ 436 | 29]2 .08390 0512 | o888 57.7 | Hone
4 | 1000 on7| 30.00) 20,35 ] 988 | .30 -9329 | ese | 579 87 | 400 | 837 | 512 ] 485 w0395 | k38 | Lomez | %53 | valve as (30) -
5 | 200 0724 | 30.89| 29,89 | 1.03 697 | 0507 | ces | 579 #o | 400 | 434 | 633 | 534 00205 w0427 | o3 | 526 § Kone
% ) 100 .oma | so.e9] 29.89 | 103 903 | <0515 | 683 | Sun 83 | 401} 417 | 538 | 472 0012 0381 | .omey 48,4 | Yalve foll Hyo
41 } 1500 0724 | 30.89| 29.29 | 1.03 $925 | 0543 | 847 379 68 | 400 ) 227 | 422|323 .~00218 0RO | L0654 33.6 | Vnlve &k seat, full B0
i 1500 0726 | 30,290 29.89 [ 1.03 922 | 0523 | 648 | 378 7a | 400 231 | A75 | 333 -00418 0252 0473 3.5 Swat full Bz0
o | 100 0726 | 30.89| 29.e9 | L.08 912 | .o%ay | 653 | 578 | 75 | 400 | 428 | é42 | 535 00413 O44S | LT 62.2 | Vone
50 1300 0728 | 0.9 29.96 1 1.03 903 | L0513 | 629 | 578 81 | 400 428 1 641 | 535 00410 0452 L0763 9.3 Tone
st {as0 | .omr] s0.e| w6 lvox | om | o | as| am | e | w0 2] lar | sy | oms | w063 | 4ms | weat, Leas B0 nen (4e)
52 | 1300 o728 | 30.29) 29.9 { 1.03 920 | 0522 | &48| 578 20 | 400 296 | 457 | sy 00427 0276 LORT3 A2 Eeat as (51); valve full Hy0
53 | a0 | .oms) 30.69] 29.9 | 100 | a0 | osa | sua| v [ o | sof 310 | 49k | | oniy | Losen| .06m | 450 | seas, retusst 5oo; vaive, meduses Hd
5% | 1300 o128 30,891 29.56 | 108 | 906 | 054 | e8| svs 20 | 400] 433 | 639 | 454 00412 L0448 | <0758} BB | g,

¥ 292
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Figure 4.- Variation of mase flow rate with intake-

valve pressure d4drop.
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ENGINE CYLINDER HEAD L
SHOWING FLEXIBLE INLET-VALVE COOLING WATER CONNECTIONS

AND THERMOCOUPLE LEADS TO VALVE AND SEAT.

FIGURE S.
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FIGURE 8.
VARIATION OF Q/Q.WITH VALVE AND SEAT TEMPERATURE.
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FIQURE 7.
VANATION OF VOLUMETRIC EFFICIENGY WITH VALVE AND SEAT TEMPERATURE,
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